Recently, in vitro mutagenesis techniques have entered the repetoire of standard laboratory practices. There are, however, still some drawbacks to the most popular techniques. When the exact position of a nucleotide change required to generate a mutant with a particular phenotype is unknown, or when many base changes need to be introduced over a wide area, oligonucleotide directed mutagenesis (1-3) becomes technically difficult. Similarly, deletion loop mutagenesis induced by bisulfite (4) is likely to yield multiplebase substitutions when a large single-stranded loop is used. In addition, the type of mutation induced by this technique is limited.
Here the development of a mutagenesis procedure that combines the use of a unique recombinant DNA cloning vector with the use of several different enzymatic reactions is described. This technique can be used to induce, at very high efficiency, single-base changes in a predetermined region of DNA of up to several hundred nucleotides in length. This method has been used successfully to generate a library of 21 independent single-base substitutions within a 72-nucleotidelong site from a single mutagenesis experiment.
MATERIALS AND METHODS
Bacteria and Cloning Vectors. The Escherichia coli strain K38 (HfrC) was used for phage growth and for transformation. flR229, which contains a single EcoRI site within the intergenic space (5) , is the parent vector of flYB-5, which contains the pBR322 H-strand Y DNA site (6) .
Deoxynucleoside Triphosphate Derivatives and Enzymes.
2'-Deoxyadenosine 5'-O-(1-thiotriphosphate) ( . The reaction was stopped by adjusting the mixture to 10 mM EDTA, followed by phenol extraction and ethanol precipitation. The DNA pellet was resuspended in 10 ,l of 10 mM Tris HCl (pH 7.5).
DNA Repair Synthesis. DNA recovered from the misincorporation reaction described above was gap-repaired by incubating with 1 unit of DNA polymerase I and 0.5 unit of T4 DNA ligase in a 50-,l reaction mixture containing 50 mM Tris HCl (pH 7.5), 1 mM MgCl2, 2 mM MnCl2, 10 mM 2-mercaptoethanol, 100 ,ug of bovine serum albumin per ml, 0.5 mM ATP, and 100 ,M (each) of the four deoxynucleoside triphosphates for 18-24 hr at 0°C. EDTA was then added to a concentration of 10 mM and an aliquot of the mixture was electrophoresed through a 0.8% agarose gel containing 0.5 ,g of ethidium bromide per ml and run in 50 mM Tris HCl/40 mM sodium acetate/1 mM EDTA, pH 7.9/0.5 ,g of ethidium bromide per ml to determine the percentage of molecules converted to a covalently closed form.
Supercoiling of Relaxed DNA. The mutated relaxed covalently closed circular RF DNA (RFI' DNA) was supercoiled in a reaction mixture (40 IlI) containing 25 mM Tris HCI (pH 7.5), 25 mM potassium phosphate buffer (pH 7.5), 10 mM MgCl2, 5 mM dithiothreitol, 5 mM spermidine, 50 ,ug of bovine serum albumin per ml, 100 ,ug of tRNA per ml, 0.25-0.5 ,g of RFI' DNA, and 3 units of DNA gyrase reconstituted from purified subunits. Incubation was at 30°C for 45 min. The reaction was terminated by the addition of excess EDTA, followed by phenol extraction. The DNA was then isolated by ethanol precipitation and resuspended in 10 mM Tris-HCl, pH 7.5/0.1 mM EDTA.
RF -* ss(c) DNA Synthesis with Purified Proteins and Purification of ss(c) DNA. Reaction mixtures (50 ,ul), containing 50 mM Tris HCl(pH 7.5), 10 
RESULTS AND DISCUSSION
This laboratory has been studying the interaction of E. coli replication factor Y with short specific DNA sequences from the viral (+) strand of OX174 and the H and L strands of plasmid pBR322 (19) . Although these DNA regions are functionally identical, they exhibit no extensive sequence homology (15) . To understand, at the nucleotide level, the interaction of factor Y with its effector sites, the construction of libraries of single-base substitutions along these DNA effector sequences has been initiated. To do so, a site-specific mutagenesis procedure has been developed that could be applied to any given DNA segment such that every nucleotide within the target sequence would have the same probability of being mutated. In addition, because the isolation of both inactivating and silent mutations was of interest, the method had to be efficient enough to allow rapid screening of the mutated DNAs by DNA sequence analysis techniques. The use of this method to direct the in vitro mutagenesis of the 72-nucleotide-long H-strand factor Y effector site from pBR322 DNA is described in this report. Characterization of the mutant phenotypes will be published elsewhere.
Summary of the Technique. The basic steps of the mutagenesis method are illustrated in Fig. 1 . RFI DNA, linearized with a restriction endonuclease that cuts once near the region of interest, is synchronously and processively digested with exo III. The resulting digest is annealed to excess ss(c) DNA and the isolated heteroduplexes are mutagenized by the forced misincorporation (20) of an excision-resistant athiodeoxynucleoside triphosphate (21), followed by the repair of the single-strand gap. The RFI' DNA is then supertwisted and used as a template for OX174-type RF -* ss(c) DNA synthesis. The purified ss(c) DNA, representing a nonsegregatable mutant population, is used to transform E. potential to form secondary structure. The intense bands evident in Fig. 2a after 5 min of digestion, which are still the major products even after 40 min of digestion, correspond to the base of the hairpin that the H-strand Y DNA site can potentially form. This effect is less pronounced at 370C, though the rate of digestion is much faster (Fig. 2c) . This phenomenon is not observed at the other end of the molecule (Fig. 2b) and cannot be overcome by adding more enzyme (data not shown). Therefore, the optimal conditions of digestion to generate 3'-OH ends at every position within the target site must be determined for each particular sequence. A complete discussion of the characteristics of exo III digestion of linear duplex DNA can be found in ref. 23 exo III Digestion of DNA. Linear duplex DNA was found to be a much better substrate than uniquely nicked circular RF DNA for the processive and synchronous digestion by exo III. To determine the rate of digestion by this enzyme, DNA linearized by the Pvu II restriction enzyme was digested with exo III and samples were taken at several points during the reaction. These samples were end-labeled by DNA polymerase I (Klenow fragment) in the presence of two 32P-labeled deoxynucleoside triphosphates. After inactivation of the polymerase at 65°C for 10 min, a second restriction enzyme, which cuts the DNA asymmetrically, was added and the incubation was continued at 37°C. The products were isolated and electrophoresed through a 10% sequencing gel. Fig. 2 shows a comparison of the rate of exo III digestion at 23°C and at 37°C. Eight to ten nucleotides per min were removed from each 3'-OH termini at 23°C, in agreement with previous reports (22, 23) , whereas at 37°C the rate was 10-fold higher. Though exo III is a 3' -* 5' exonuclease with some sequence specificity (24) , it has been shown that, depending on the extent of the digestion, molecules having 3'-OH ends of every length within a given range can be obtained (23) . Howev resulting from a mutagenesis experiment using dATP [aS] were picked at random and ss(c) DNA was prepared as described (15) . flR229 RF DNA linearized by the EcoRI restriction enzyme was annealed to the viral DNA and the resulting heteroduplex was used as primer-template for the ddATP chain termination reaction (18) . The dideoxy-terminated DNA products were digested with the EcoRI restriction enzyme. The samples were denatured and then electrophoresed through a 10% polyacrylamide gel containing 50% urea run in 50 mM Tris borate pH 8.3/1 mM EDTA. The wet gel was exposed directly to x-ray film for 10-14 hr at room temperature. The arrows indicate the limits of the target sequence. Lanes 2, 4, 5, 7, and 10 show an extra band; lane 6 has a missing band; however, no shift in the sequence pattern was observed; therefore, it is not a deleted nucleotide; instead an unexpected base substitution has occurred.
ability of purified E. coli replication proteins, the feasibility of replicating the mutagenized DNA in a crude extract was tested. It has been observed that heat-inactivated ammonium sulfate receptor fractions from thermosensitive BT1029 (17) , although the yield of ss(c) DNA is roughly 1/10th of that obtained using purified proteins. However, it was found that if one supplemented the crude extract with ssb, the only protein that acts stoichiometrically in this reaction, the production of ss(c) DNA could be increased dramatically (Fig. 5) . DNA mutagenized and supercoiled as described above was replicated in a heatinactivated BT1029 ammonium sulfate receptor fraction supplemented with the 4X174 gene A protein and ssb. The ss(c) DNA produced was isolated and transfected into E. coli K38 as described above. The frequency of base substitution in the ss(c) DNA progeny was found to be similar to that of DNA replicated with purified proteins (data not shown). The possibility of using a crude extract prepared from BT1029 cells that have been transformed with a low-copy-number plasmid bearing the ssb gene, thus supplying the system in vivo with the only limiting factor, must be explored. Nonetheless, this protein is now commercially available and is easy to purify from overproducer strains. Therefore, the 4X174 gene A protein is left as the only purified component that is not widely disseminated that is absolutely required for the system to work.
In conclusion, the mutagenesis procedure described here can be used to induce single-base substitutions at very high efficiency in any DNA segment cloned into this singlestranded DNA phage vector. exo III digestion, used to generate an assortment of 3'-OH termini that can act as primers along the target sequence, can be initiated from any unique restriction site as far as 1000 nucleotides away (22) . Howev- er, if such a unique restriction site is not available, a purified restriction fragment that spans the target region can be used as a substrate for exo III digestion. The resulting digest, when annealed to ss(c) DNA, would approximate the heteroduplex primer-template DNAs used in the study reported here. Although there are not, presently, any experimental data that can be used to determine the limit of the target site that can be mutagenized by this technique, it should be possible to induce single point mutations within a predetermined region of DNA of up to several hundred nucleotides in length. This site-specific mutagenesis procedure should prove very useful in the study of protein-DNA interactions, where it is difficult to predict in advance what base should be altered. In addition, this method could readily be adopted to isolate conditional missense and nonsense mutants by using appropriate conditions and strains.
